Tissue repair is a complex process that requires wound-edge cells to proliferate and migrate, which in turn necessitates induction of a large repair transcriptome. Epigenetic modifications have emerged as crucial regulators of gene expression. Here, we ask whether epigenetic reprogramming might contribute to the concerted induction of repair genes by wound-edge cells. Polycomb group proteins (PcGs) co-operatively silence genes by laying down repressive marks such as histone H3 lysine 27 trimethylation (H3K27me3), which can be removed by specific demethylases. We show that PcGs Eed, Ezh2 and Suz12 are significantly downregulated during murine skin repair, whereas the newly described demethylases Jmjd3 and Utx are markedly upregulated. Correspondingly, we find a striking reduction of repressive H3K27me3 in the wound epidermis. Quantitative chromatin immunoprecipitation studies have revealed that there is less Eed bound to the regulatory regions of two paradigm wound-induced genes, Myc and Egfr, suggesting that loss of polycomb-mediated silencing might contribute to the induction of repair genes.
INTRODUCTION
Wound healing in adult tissues is a dramatic and complex tissue rebuilding process that requires a multitude of cell lineages at the site of tissue damage to proliferate, migrate and differentiate (Martin, 1997) ; these various cell behaviours are, in part, achieved by induction of a large repair transcriptome, including, among others, cell-cycle regulators, matrix molecules, integrins, proteases and antioxidant enzymes (Werner & Grose, 2003; Cooper et al, 2005; Roy et al, 2008) . It is of fundamental and clinical importance to understand how these changes are regulated and coordinated. Epigenetic modifications, and in particular those controlled by the polycomb family of proteins, are known to be crucial regulators of gene transcription potential during development. On the basis of the striking commonalities between wound repair and many aspects of embryonic morphogenesis (Martin & Parkhurst, 2004) , we investigated whether similar epigenetic reprogramming might also underpin the concerted induction of repair genes by cells at the wound site.
Polycomb group proteins (PcGs) are a family of epigenetic modifiers that direct cellular fates during embryogenesis by controlling the expression patterns of homeotic genes and other developmental regulators (Sparmann & van Lohuizen, 2006) . They form chromatin-modifying complexes that are able to silence large numbers of target genes by post-translational modification of histones and methylation of the DNA template. Eed, Ezh2 and Suz12 form the Polycomb Repressive Complex 2 (PRC2), and they co-operatively silence target genes by laying repressive marks such as histone H3 lysine 27 trimethylation (H3K27me3; Cao et al, 2002) . Historically, H3K27 methylation has been considered to be relatively stable, thus maintaining long-term transcriptional silencing; however, the recent discovery of lysine demethylases, Jmjd3 and Utx, which specifically demethylate H3K27, indicates that these modifications can be more transient than originally predicted (Agger et al, 2007) .
Studies in Drosophila (Netter et al, 1998; Maurange & Paro, 2002) , as well as more recent studies in mammalian stem cells and embryonic fibroblasts (Boyer et al, 2006; Bracken et al, 2006; Mikkelsen et al, 2007; Pan et al, 2007; Ku et al, 2008) , have revealed many crucial patterning genes, as well as hundreds of other genes with numerous and diverse functions, to be potential PcG targets. We hypothesized that PcGs may also regulate the expression of developmental and other genes during the repair process. This study reports how polycomb-mediated gene silencing is downregulated during mammalian wound repair, which may lead to derepression, or 'un-silencing', of target genes that regulate wound repair.
RESULTS AND DISCUSSION
To determine whether PcGs and their associated demethylases contribute to regulating gene expression during in vivo mammalian tissue repair, we analysed full-thickness excisional wounds made to the shaved dorsal skin of adult male CD-1 mice (initial injury: 4 mm diameter biopsy punch; sample collection: 6 mm punch). Quantitative reverse transcription (RT)-PCR revealed that Eed, Ezh2 and Suz12, the three main components of PRC2, were significantly and transiently downregulated during the repair process ( Fig 1A) . Conversely, Jmjd3 (Fig 1B) and Utx (Fig 1C) , the newly described lysine demethylases that specifically remove (A-C) Quantitative reverse transcription-PCR analysis of (A) Eed, Ezh2 and Suz12 (PcGs) and (B,C) Jmjd3 and Utx (demethylases) in excisional mouse skin wounds (initial injury: 4 mm biopsy punch; sample collection: 6 mm biopsy punch). The results, normalized to 18 s and presented relative to levels in unwounded skin, show mean±s.e.m. of at least three independent experiments (one-way ANOVA P-values indicated; n ¼ 3-5). (D-F) Eed immunohistochemistry (IHC; brown staining) in (D) normal unwounded skin indicates abundant expression in the epidermis (dotted white line indicates the epidermal-dermal boundary); which is downregulated in (E) the leading-edge epithelium 1 day post-wounding (black line demarks the epithelium); and (F) the newly formed epithelium overlying the wound 7 days post-wounding (inset: no primary antibody negative control). (G,H) Ezh2 immunohistochemistry in (G) normal unwounded skin indicates abundant expression in the nuclei of epidermal cells (dotted black line indicates the epidermal-dermal boundary), which is downregulated and predominantly cytoplasmic in (H) the leading-edge epithelium 3 days post-wounding (asterisk demarks the wound edge). (I,J) Western blot analysis of Eed and Jmjd3 during the time-course of wound repair, showing transient downregulation and upregulation, respectively. Scale bars: 50 mm (D,E,G); 30 mm (F,H). ANOVA, analysis of variance; D, dermis; E, epidermis; PcGs, polycomb group proteins; WE, wound epithelium.
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T. Shaw & P. Martin the PcG-mediated histone mark, were co-ordinately upregulated. Immunohistochemistry revealed that, spatially, Eed is expressed by the keratinocytes in unwounded skin (Fig 1D) , but is downregulated in the leading-edge epithelium, which is an effect that extends approximately 10-20 cells back from the wound margin at day 1 post-wounding ( Fig 1E) , and persists within the continuous, newly formed immature epithelium of day 7 wounds (Fig 1F) . Similarly, Ezh2 is abundant and predominantly nuclear in normal epidermis (Fig 1G) , but in wound-edge epithelium its expression is reduced and diffuse throughout the cells (Fig 1H: day 3 wound). The changes in Eed and Jmjd3 expression were further shown by western blotting (Fig 1I,J) . The timing of PcG re-expression is of interest as these proteins may have a role in re-silencing the repair machinery once the wound has healed, and there may be pathological consequences should this not occur properly. Our immunohistochemistry data show that Eed downregulation lasted beyond day 7 ( Fig 1F) and remained low until maturation of the wound epidermis, between days 10 and 14. The western blot data ( Fig 1I) indicate slightly earlier Eed re-expression, with levels seeming to be nearly restored by day 7; we attribute this apparent temporal discrepancy to wound contraction, which may result in an increased amount of normal unwounded epidermis in the biopsy samples at the later time-points. Western blot analysis of wounded skin for H3K27me3-the repressive histone modification characteristic of PRC2 activityshowed a dramatic loss of this mark during the repair process (Fig 2A) . Having observed changes in Eed and Ezh2 expression in the epidermis by immunohistochemistry, we predicted that the decrease in H3K27me3 would be occurring specifically in these cells. Indeed, although Eed and Ezh2 were also found to be expressed by cells in the dermis, the H3K27me3 mark was present only in isolated epidermis and not in the dermis of unwounded skin (Fig 2B) . We wished to rule out that the decrease in H3K27me3 observed in whole wounds may in part be attributable to an under-representation of the epidermis in the samples owing to the gap created by the wound. However, this turns out to be incorrect because the loss of H3K27me3 persists through to 7 days post-wounding (Fig 2A) , when re-epithelialization of the wound is complete (Fig 2D) , and an equal or even greater number of epithelial cells is collected per biopsy than for unwounded skin. Furthermore, a comparison of disassociated epidermis from unwounded skin with that from day 3 wounded skin from three biological replicates also showed a reduction in the silencing modification (Fig 2C) . Loss of the repressive H3K27me3 mark during repair is consistent with the downregulation of PcGs and the concomitant induction of demethylase expression. It supports the hypothesis that this may be a mechanism for 'lifting the brakes' on a subset of the repair transcriptome, thus allowing for these genes to be expressed if the necessary transcription factors and machinery are present.
Downregulation of PcG expression has also been observed during imaginal disc regeneration in Drosophila (Lee et al, 2005) , but this study provides the first evidence that PcG and reciprocal demethylase expression changes occur during mammalian wound healing.
Next, we asked whether this epigenetic reprogramming contributes directly to 'repair genes' becoming un-silenced and induced at the wound edge. PcGs are thought to be recruited to specific sites in the genome, which are known as Polycomb Response Elements (PREs). During Drosophila and mouse development, these elements are clearly pivotal in spatially and temporally restricting the expression of Hox genes (Simon et al, Epigenetic reprogramming during repair T. Shaw & P. Martin 1992; Hanson et al, 1999) ; however, in vertebrates there is no clear consensus sequence defining these elements (Ringrose & Paro, 2007) . To address this challenge of predicting mammalian PcG target genes, Boyer et al (2006) , Bracken et al (2006) and others (Mikkelsen et al, 2007; Pan et al, 2007; Ku et al, 2008; Mohn et al, 2008) have used chromatin immunoprecipitation (ChIP) and microarray or sequencing strategies in murine embryonic stem cells and fibroblasts to identify potential developmental targets, and many of their hits are in fact genes that we know to also be upregulated and have functional roles in wound healing. Data mining and comparison of the Boyer et al (2006) and Bracken et al (2006) microarray experiments, which identified potential PcG target genes, with our own and others' work on wound-induced genes (Cooper et al, 2005; Roy et al, 2008) indicates that up to 20% of the known repair genes could potentially be regulated in this way. We considered two such genes, Egfr and Myc, which are probable PcG targets based on the above studies and are wellestablished to be upregulated during, and important for, repair (Stoscheck et al, 1992; Zanet et al, 2005) , and asked whether they might be regulated by PcGs in a wound setting.
First, mIMCD3 epithelial cell cultures were transfected so that they overexpressed Eed and, after 24 h, were analysed by quantitative RT-PCR for target gene expression. Eed overexpression resulted in significant downregulation, or silencing, of both Egfr and Myc (Fig 3A) . Next, in vivo wound samples were analysed by quantitative ChIP, which allowed for a comparison of the amount of PcG physically occupying the regulatory regions of specific genes. We compared the amount of Eed bound to the egfr and myc promoters in unwounded with wounded skin, and found that significantly less Eed bound to these promoter regions at 1 and 3 days post-wounding, respectively (Fig 3B) . These findings provide correlative evidence that two paradigm wound-induced genes may be epigenetically regulated by PcGs during repair. We then sought to correlate this decrease in Eed binding with gene expression changes. Western blotting showed that Egfr and Myc expression are induced following loss of Eed binding (Fig 3C-E) , albeit with a slight delay that we attribute to the time required for (Haley et al, 1987) and/or the transcription factor activator protein 1 (AP-1; Johnson et al, 2000) , both of which are present in a wound setting. Although it is clear that several PcGs and demethylases show altered expression at the wound site, it is difficult to address precisely which are the rate-limiting components responsible for the induction of repair genes. Certainly, Eed, Ezh2 and Suz12 are known to function cooperatively (Hansen et al, 2008) , and downregulation of all three in this context is likely to underpin the observed loss of PcG silencing. The role of the demethylases Jmjd3 and/or Utx in regulating repair genes will perhaps best be tested using various skin-specific knockout mice.
There are many other post-translational modifications of histone proteins and DNA itself that may also influence wound gene transcription. Our own data indicate that PcG regulation of histone methylation may be particularly relevant in un-silencing of genes in the wound epidermis, but this does not exclude a role for other epigenetic silencing and/or activating mechanisms. For example, H3K27me3 has been found to overlap with H3K4 methylation-an activating chromatin modification-at thousands of genetic loci, including many repair genes and specifically egfr and myc (Mikkelsen et al, 2007; Pan et al, 2007; Ku et al, 2008) . Genes with these bivalent chromatin modifications are considered 'poised' or 'primed' for expression, and wound repair is precisely the sort of occasion when tissues might use such a mechanism to enable a coordinated and rapid induction of gene expression. DNA methylation is another epigenetic silencing mechanism that, acting independently or together with PcG-mediated silencing (Ku et al, 2008; Mohn et al, 2008) , may contribute to regulating the repair transcriptome, including egfr and myc, which have both been shown to be regulated by DNA methylation in other settings (Meissner et al, 2008) . Furthermore, PcGs and/or other epigenetic modifiers may act as regulators of equally dramatic changes in cell behaviours that occur in other wound tissues, including myofibroblast differentiation, inflammatory cell activation and angiogenesis. Indeed, Horswill et al (2008) have shown that, as fibroblasts differentiate during corneal repair, the maspin gene-a serine protease inhibitor that controls cell invasion-is epigenetically silenced by DNA methylation and histone H3 dimethylation at lysine 9.
This study has focused on the gene expression changes resulting from PcG downregulation, but the cell's behavioural consequences and how these changes contribute functionally to the marked transformation of dormant, unwounded epidermal cells into an activated, migrating and proliferative leading-edge remain largely unknown. Studies, primarily in embryonic stem cells and cancer cells, indicate that PcGs, in these contexts, can contribute to cell-cycle control, cell motility and differentiation switches (Sparmann & van Lohuizen, 2006) , which are all components of the normal tissue repair process; however, future studies may unveil other unique ways in which cells of the wound epidermis respond to changes in PcG levels.
In summary, we have found that during in vivo mammalian skin repair there occurs a loss of PcG-mediated gene silencing, which is a mode of regulation that may have a powerful role during tissue repair, as it has the potential to coordinately regulate a considerable subset of known repair genes and thus function as a master regulator of wound re-epithelialization. In addition, our study highlights how mechanisms that underpin developmental growth and patterning of tissues during embryogenesis are re-used to rebuild tissues as part of a regenerative response.
METHODS
Wound model. All experiments were conducted according to UK Home Office regulations. Mice (CD-1 age-matched males; 7-11 weeks) were halothane-anaesthetized and four full-thickness wounds (4 mm biopsy punch; Kai Industries, Oyana, Japan) were aseptically made to the shaved dorsal skin. Wound tissue was harvested with a 6 mm biopsy punch. The epidermis and dermis were separated by soaking in Dispase II (Roche Applied Science, Burgess Hill, UK; 0.145% in serum-free DMEM) overnight at 4 1C. Cell culture. MIMCD3 cells (mouse inner medullary collecting duct epithelial cells; gift from JA Davies, University of Edinburgh) were cultured in DMEM/F12 supplemented with 10% fetal calf serum (Invitrogen, Paisley, UK). Cells were transfected with either pCMV-Sport6 (empty vector, control) or pCMV-Sport6-Eed to overexpress mouse Eed (IMAGE ID: 3991086; Geneservice, Cambridge, UK) using Lipofectamine 2000 (Invitrogen). After transfection, cells were cultured for an additional 24 h, and harvested for RNA. Histology. Tissue was fixed in 10% formalin for embedding in paraffin and 6 mm sections were subjected to Eed, Ezh2 or Egfr immunohistochemistry. Deparaffinized sections were incubated with primary antibody (Eed, Abcam, Cambridge, UK; Ezh2, Zymed, San Francisco, CA, USA; Egfr, Cell Signaling Technologies, Danvers, MA, USA) diluted 1:50 in antibody diluent (DAKO, Glostrup, Denmark) overnight at 4 1C. After 3 Â 5 min washes in Tris-buffered saline (TBS) containing 0.05% Tween-20, secondary swine antirabbit antibody (DAKO) diluted 1:500 in TBS was applied for 1 h at 37 1C. Next, StreptABComplex/horseradish peroxidase (DAKO) was used to detect antibody binding and was visualized with 3,3 0 -diaminobenzidine; sections were counterstained with methyl green. RNA isolation and RT-PCR analysis. Total RNA was extracted using the RNeasy kit (Qiagen, Crawley, UK). RNA (20 ng per reaction) was analysed for gene expression using the QuantiTect SYBR Green RT-PCR kit (Qiagen) and Quantitect Primer Assays. Western blotting. Protein was extracted from homogenized tissue samples in either RIPA buffer (for Eed and Jmjd3 analysis) or acid extraction buffer (for H3K27me3 analysis) according to the manufacturer's instructions (Millipore, Watford, UK). Protein concentrations were determined using the Pierce (Cramlington, UK) BCA protein assay, and equal quantities were separated on 4-12% NuPAGE Novex Bis-Tris Gels (Invitrogen), transferred to polyvinylidene fluoride membrane, and blotted according to standard protocols using the following antibodies: Eed (Santa Cruz, Santa Cruz, CA, USA; 1:300), b-Actin (Sigma-Aldrich, Dorset, UK; 1:1,000), H3K27me3 (Millipore; 1:1,000), Jmjd3 (Abgent, San Diego, CA, USA; 1:300), Egfr (gift from PJ Cullen, University of Bristol; 1:1,000), Myc (Serotec, Oxford, UK; 1:500) and HRP-conjugated goat anti-rabbit or swine anti-mouse antibodies (GE Healthcare, Chalfont Saint Giles, UK; 1:3,000) or HRP-conjugated donkey anti-sheep antibody (Jackson Immunoresearch, Newmarket, UK; 1:10,000). Protein bands were visualized using the Amersham ECL Plus detection system (GE Healthcare). Colloidal silver stain, performed as described Epigenetic reprogramming during repair T. Shaw & P. Martin previously (Kovarik et al, 1987) , served as a loading control for the H3K27me3 blots, and representative bands are shown. Chromatin immunoprecipitation. Quantitative ChIP was carried out as described previously (Nelson et al, 2006) . Briefly, tissue samples were diced with a scalpel in cell culture medium (DMEM, Invitrogen) containing 1.4% formaldehyde, and fixed by rotating at approximately 211C for 15 min. Glycine was then added to a final concentration of 125 mM and samples were rotated for an additional 5 min, after which the tissue was washed twice with ice-cold PBS, homogenized in RIPA buffer, centrifuged at top speed for 10 min and the supernatant collected for ChIP analysis. Two micrograms of antibody were used (Eed (Abcam) compared with Rb IgG (Santa Cruz)), and the primers used were as follows: 5 0 MYC: TAGTTTAGAGAGACGTTTGGTCGT; 3 0 MYC: TTCCCT TTCTATACGATTATTCGAA; 5 0 EGFR: CCCCAGAGCCTTGTCT AGTG; and 3 0 EGFR: GGAGCGAAGAGGAGGAGAAT.
